1. Background {#sec185474}
=============

In the central nervous system, hippocampal neurons are highly vulnerable to damage. In rodent models of trimethyltin chloride (TMT) toxicity, both necrotic and apoptotic neurons in the dentate gyrus, CA1, CA3 and hilus of the hippocampus have been observed ([@A30297R1]). Thus, trimethyltin-induced hippocampal degeneration is a tool that can be used to investigate neurodegenerative processes ([@A30297R2]). TMT is an organotin compound that is used in agricultural and industrial settings. Acute exposure of mice to TMT results in extensive damage to dentate granular cells ([@A30297R3]).

TMT toxicity has been proposed to inhibit mitochondrial ATP synthesis, raise Ca^2+^, and decrease neurotransmitter uptake ([@A30297R4]). The mechanisms by which TMT produces selective neuronal degeneration are not understood. However, the action of TMT is affected by a series of molecular events and cellular pathways, such as activation of various kinases (e.g., JNK and PKC) and stress proteins that lead to a cytotoxic response ([@A30297R5]). The other mechanisms that can be explained by the neurotoxic actions of TMT include glutamate excitotoxicity, intracellular calcium overload, and enhancement of ROS formation ([@A30297R6]). TMT damage of hippocampal neurons increases the rate of corticosterone and learning impairment in rats ([@A30297R7]). Kim and Diamond have shown that corticosterone and stress alter hippocampal dendritic morphology and inhibit neurogenesis in the adult brain, which could also have an impact on memory-related functions ([@A30297R8]). However, cell death and many neurological deficits can be reduced by antioxidants. Coenzyme Q10 is considered as a neuroprotective agent that prevents the cascade of cell death events in order to maintain cellular integration and restore neuronal function. Recently, Li et al. reported that CoQ10 plays a critical role as an intrinsic free radical-scavenging and antioxidant enzyme that acts against the H~2~O~2~-induced oxidative damage in PC12 cells ([@A30297R9]). Furthermore, CoQ10 is a key component of the mitochondrial respiratory chain, and it has a fundamental role in oxidative phosphorylation ([@A30297R10]). Against the toxicant agent cisplatin, CoQ10 significantly compensated deficits in the antioxidant defense mechanisms (reduced glutathione level and superoxide dismutase activity), decreased the elevations of TNF-α, and suppressed lipid peroxidation ([@A30297R11]). CoQ10 treatment also reduced the activity of P53 and caspase-3 which may be due to its free radical-scavenging activity, anti-inflammatory performance, and attenuation of expression of NF-kappa B ([@A30297R11]). Ishrat et al. demonstrated that supplementation with CoQ10 (10 mg/kg) may have an important therapeutic effect in the treatment of Alzheimer's type dementia ([@A30297R12]). Another research study found that there are neuroprotective effects of CoQ10 against the loss of dopamine and tyrosine hydroxylase in the dopaminergic neurons of the substantia nigra ([@A30297R13]). In experimental models of Alzehimer's disease and Parkinson's disease, CoQ10 has been reported to improve cognitive deficits by improving electron transport from complex-I to III in the mitochondrial membrane ([@A30297R14]). Furthermore, CoQ10 has been shown to pay a key role in the mitochondrial respiratory chain that enhances the production of ATP ([@A30297R15]).

2. Objectives {#sec185475}
=============

The present investigation aimed to evaluate the antioxidant and protective efficacies of CoQ10 against TMT induced neurotoxicity by evaluation of spatial memory and histological values in the dentate gyrus of the hippocampus.

3. Materials and Methods {#sec185481}
========================

Thirty-six, 8-week-old adult male Balb/c mice (18 - 21 grams) purchased from the Pharmacology Department of Tehran University of Medical Science were used for the present experiment. The animals were housed under controlled conditions (12 hours light/dark cycle at 21 - 23°C) with access to food and water ad libitum. All the procedures used in this study were approved by the committee of ethics in animal research (Code: 90-4-11-12500, date: 17/9/1391) of the Iran University of Medical Sciences (Tehran, Iran). Sample size determination was conducted in accordance with the results of the study of Ishrat et al. ([@A30297R12]), by considering the mean ± SD of the two groups as 58.26 ± 6.5 and 48.42 ± 3.62, respectively, and, according to the power of study equal to 80% (1-β = 0.80) and α = 0.05, the minimum sample size of each group was calculated as 5. The used formula is presented below ([Equation 1](#EQ5968){ref-type="disp-formula"}):
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The animals were randomly divided into the following four groups: 1) control group (n = 9) in which the mice were given an IP injection of normal saline (vehicle of TMT); 2) sesame oil group (n = 9) in which the mice were given an IP injection of TMT and sesame oil (Sigma, La Jolla, CA, USA ) for two weeks (vehicle of CoQ10); 3) TMT group (n = 9) in which the mice received a single IP injection of TMT (Catalogue number 808729; Merck, Darmstadt, Germany); and 4) TMT + CoQ10 group (n = 9) in which the mice were given a single IP dose (10 mg/kg body weight) of TMT and CoQ10 (Sigma-Aldrich, St. Louis, MO, USA) dissolved in sesame oil for two weeks.

3.1. Body Weight Assessment {#sec185476}
---------------------------

In toxicological studies, the evaluation of body weight and organs is one of the most important procedures ([@A30297R16]). In the present study, after TMT injection, the body weight of each mouse was recorded daily with a precision digital scale.

3.2. Morris Water Maze Performance {#sec185477}
----------------------------------

At the end of the treatment with CoQ10, the animals were examined using the Morris water maze task for assessment of learning and spatial memory. The apparatus consisted of a water tank 110 cm in diameter filled with water to within 35 cm of the top. A platform with an 11 cm top surface was placed in one of the quadrants, and the top surface of the platform was submerged about 1.5 cm below the surface of the water. The animals were trained to escape from water by swimming to the hidden platform. An animal could find the platform, which was under the water and served as a "rescue" from the stress situation, by using visual extra-maze cues. The animals were subjected to 4 days of hidden platform trials (four trials of 60 seconds each).

Each training trial was started randomly in one of four selected locations corresponding to each quadrant of the tank. On 5th day, the time spent and latency to reach the platform were compared among all groups across the trial days. For visual platform trials, a video camera (Nikon, Melville, NY, USA) linked to a computer was used to monitor the water maze tank and record both the time taken to reach the hidden platform (escape latency) and the length of the swim path (traveled distance) for each mouse. All trials were analyzed with EthoVision (Noldus Information Technology, Leesbury, Virginia, USA) software.

3.3. Tissue Preparation and Histological Study {#sec185478}
----------------------------------------------

At the end of the experiment, for histological assessment of the dentate gyrus, all animals were anesthetized under IP injection of ketamine/xylazine (60 mg/kg and 6 mg/kg, respectively). Next, the animals were perfused transcardially with saline solution, followed by 110 mL of phosphate-buffered saline (0.1 M), pH 7.4, and 4% paraformaldehyde. Then, the brains were removed from the skulls and post-fixed in 10% formalin and embedded in paraffin. Coronal brain sections (5-μm-thick) were cut on a microtome (Leica Microsystems, Wetzlar, Germany) from -2.2, -3.4 mm posterior to the bregma ([@A30297R17]). Subsequently, sections were deparaffinized, rehydrated in graded alcohols, and stained by 0.1 % cresyl violet solution (Sigma-Aldrich, St. Louis, MO, USA). The sections were examined under a light microscope (Olympus Ax70, Tokyo, Japan) using at magnification of 400x. The average number of necrotic neurons was determined by stereological methods from sections taken from the dentate gyrus of the hippocampus. A1000 μm2 counting frame was used. The mean number of necrotic neurons per unit area (NA) in the dentate gyrus was calculated using the following formula ([Equation 2](#EQ5969){ref-type="disp-formula"}):
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∑p = the sum of counted particle in sections.

a/f = the area associated with each frame.

∑Q = the sum of frame associated points hitting space.

3.4. Electron Microscopy {#sec185479}
------------------------

After removal of the hippocampal tissues samples, they were immersed in 2.5% glutaraldehyde fixative and then transferred to a post-fixative agent for 24 hours. The sections were trimmed to produce a dentate gyrus (DG) block of tissue. After the specimens were washed in PBS, they were post-fixed in 1% osmium tetroxide. Next, they were dehydrated in ascending graded ethanol, embedded in Epon 812 resin (TAAB, Berkshire, UK), and polymerized at 55°C. After that, semi-thin sections (0.3 μm) were stained with toluidine blue to accurately identify the DG region. Subsequently, ultra-thin sections (70 nm) were cut on an ultra-microtome (Leica Ultracut; Leica, Bensheim, Germany), placed on copper grids, and then stained with uranyl acetate and 1% lead citrate. The sections were studied with a transmission electron microscope (LEO 906; LEO, Oberkochen, Germany) for characteristics of apoptosis that included chromatin condensation, decrease of the crista of the mitochondria, and cytoplasm vacuolization.

3.5. Statistical Analysis {#sec185480}
-------------------------

The body weight measurement data analyses between groups were performed by using the one-way analysis of variance (ANOVA) bootstrap method, followed by Tukey's post hoc test. Data obtained over the training days from the MWM test were analyzed by the ANOVA bootstrap method and followed by Tukey's test for multiple comparison. The differences between the mean numbers of necrotic neurons in the DG were also determined by the ANOVA bootstrap method. In all calculations, the significance level was set at P \< 0.05.

4. Results {#sec185485}
==========

4.1. Results of Body Weight Measurement {#sec185482}
---------------------------------------

Effects of CoQ10 administration on body weight were evaluated and summarized in [Figure 1](#fig34360){ref-type="fig"}. CoQCoQ10 treatment was effective in ameliorating weight loss as compared to the TMT group (P \< 0.05). In the TMT group, the body weight by 5 days after the injection had significantly decreased. In addition, there were no significant differences between the body weight of the CoQ10 and sesame oil groups.

![Mean Body Weight of Animals After TMT Toxicity\
In the CoQ10 treated group, retention of weight significantly improved compared to the TMT group \*(P \< 0.05).The mean body weight of the TMT group significantly decreased compared to the control §(P \< 0.01).](ircmj-18-08-30297-i001){#fig34360}

4.2. Results of Morris Water Maze Performance {#sec185483}
---------------------------------------------

The changes in learning and memory were assessed by using the MWM test onto a hidden platform over 4 days of training. In the TMT group, mean travel distance ([Figure 2A](#fig34361){ref-type="fig"}, [Table 1](#tbl46946){ref-type="table"}) was significantly prolonged as compared to the CoQ10 and control groups (P \< 0.05), showing a failure in learning performance due to TMT toxicity. This poorer function of the TMT group was significantly improved with CoQ10 treatment in the CoQ10 group (P \< 0.05). The results of the MWM test concerning escape latency are indicated in [Figure 2B](#fig34361){ref-type="fig"} and [Table 1](#tbl46946){ref-type="table"}. CoQ10 administration caused a significant decrease in escape latency compared to the TMT group (P \< 0.05). The TMT treated group showed a significant increase in the escape latency compared to the control (P \< 0.05). The group treated with sesame oil alone showed an insignificant decrease in the escape latency compared to the CoQ10 group.

![Morris Water Maze Learning in Adult Animals\
A, mean travel distance (cm) to reach the platform during 4 days of training; B, mean escape latency (sec) to reach the hidden platform. \*P \< 0.05 and n = 7 for each group.](ircmj-18-08-30297-i002){#fig34361}

###### Effect of CoQ10 on the Weight, Spatial Memory, and Number of Necrotic Neurons in a Model of Hippocampal Injury^[a](#fn50071){ref-type="table-fn"}^

  Variables^[b](#fn50072){ref-type="table-fn"}^   Control (CI 95%)   Sesame Oil (CI 95%)   TMT (CI 95%)      CoQ10 (CI 95%)    Bootstrap Method         P Value (Tukey's Post Hoc Test)
  ----------------------------------------------- ------------------ --------------------- ----------------- ----------------- ------------------------ ---------------------------------
  **Weight, g**                                                                                                                                         
                                                  22.34 ± 3.08       20.50 ± 2.56          19.37 ± 2.74      21.56 ± 2.37      Control vs Sesame oil    0.000
                                                  21.77 - 22.86      20.04 - 20.98         18.82 - 19.95     21.4 - 22.09      Control vs TMT           0.000
                                                                                                                               Control vs CoQ10         0.205
                                                                                                                               Sesame oil vs TMT        0.020
                                                                                                                               Sesame oil vs CoQ10      0.037
                                                                                                                               TMT vs CoQ10             0.000
  **Escape latency, s**                                                                                                                                 
                                                  32.84 ± 9.56       40.79 ± 10.23         47.43 ± 9.26      34.06 ± 10.36     Control vs Sesame oil    0.003
                                                  29.53 - 36.25      37.55 - 43.57         44.45 - 50.27     30.81 - 37.64     Control vs TMT           0.000
                                                                                                                               Control vs CoQ10         0.928
                                                                                                                               Sesame oil vs. TMT       0.018
                                                                                                                               Sesame oil vs CoQ10      0.020
                                                                                                                               TMT vs. Q10              0.001
  **Travel distance, cm**                                                                                                                               
                                                  368.07 ± 95.68     406.92 ± 107.1        530.86 ± 103.7    347.37 ± 121.1    Control vs. Sesame oil   0.359
                                                  337.58 - 398.25    388.81 - 436.41       494.09 - 565.14   310.01 - 389.24   Control vs TMT           0.000
                                                                                                                               Control vs CoQ10         0.835
                                                                                                                               Sesame oil vs TMT        0.000
                                                                                                                               Sesame oil vs CoQ10      0.070
                                                                                                                               TMT vs CoQ10             0.000
  **Number of necrotic neurons**                                                                                                                        
                                                  208 ± 40.84        417 ± 81.7            476 ± 78.51       319 ± 60.08       Control vs Sesame oil    0.000
                                                  183.33 - 231.24    372.05 - 461.74       425.19 - 528.25   283.62 - 353.79   Control vs TMT           0.001
                                                                                                                               Control vs CoQ10         0.044
                                                                                                                               Sesame oil vs TMT        0.448
                                                                                                                               Sesame oil vs Co Q10     0.085
                                                                                                                               TMT vs CoQ10             0.003

^a^Values are expressed as mean ± SD.

^b^CI denotes upper and lower boundary of the confidence interval.

4.3. Results of Microscopic Studies {#sec185484}
-----------------------------------

In this study, the number of necrotic neurons in the granular layer of the DG of the hippocampus were counted and compared among groups ([Figure 3](#fig34362){ref-type="fig"}, [Table 1](#tbl46946){ref-type="table"}). T results showed that TMT induced a dramatic and significant degeneration of neurons in the DG of the TMT group versus the control group (P \< 0.001). In this regard, the neurodegeneration in the hippocampus was typified by an apparent dark nucleus in the DG of the TMT injured model. CoQ10 treatment showed a significant decrease in the number of necrotic neurons as compared to the TMT group (P \< 0.05).

![Photomicrograph of Coronal Sections Through the Upper and Lower Blade of Dentate Gyrus by Nissl Staining (Right Panel)\
Number of Nissl stained necrotic neurons in dentate gyrus of the hippocampus (left panel). \*P \< 0.001, P \< 0.05.](ircmj-18-08-30297-i003){#fig34362}

Electron microscopy findings showed that, in the control group, the granular cells of the DG had oval nuclei with homogenate dispersed chromatin and that the nuclear membrane was intact ([Figure 4](#fig34363){ref-type="fig"}). In the injured neurons of the TMT group, it was observed that several vacuoles in the cytoplasm and crista of the mitochondria were reduced. In the sesame oil group, there were some vacuoles in the cytoplasm but they were decreased in comparison to those in the TMT group. In the CoQ10 group, these changes were fewer, and more intact neurons in comparison with the TMT group were observed.

![TEM Electron Microscopy of a Typical Granular Neuron of Dentate Gyrus\
In the TMT group there are some vacuoles in the cytoplasm (white star), and the crista of the mitochondria are reduced (arrow). The arrow shows intact mitochondria. In the CoQ10 group, there were no vacuoles. Scale bar equals 600 nm.](ircmj-18-08-30297-g001){#fig34363}

5. Discussion {#sec185486}
=============

This study showed that the TMT group exhibited significantly less weight loss compared to the control and CoQ10 groups. TMT induced transient decreases in water and food intake with a concomitant decrease in body weight ([@A30297R18]). In a recent study, it was reported that treatment with a dimethyltin (DMT) organotin compound in high doses, in both male and female rats, caused damage to the digestive tract and liver and caused stomach distention ([@A30297R19]). Following an oral organolead dose, dilation of the gastric mucosal microcirculation and desquamation of surface mucous cells were observed, which resulted in erosion of the gastric glands. Starvation and dehydration may be important factors related to body weight loss and death as effects of organotin and organolead compounds ([@A30297R20]).

We also examined whether CoQ10 treatment was effective in ameliorating weight loss with the TMT group (In In the study of Schilling et al., their findings showed increases of body weight in Huntington's transgenic mice that received CoQ10 + remacemide ([@A30297R21]). CoQ10 treatment increased the body weight of diabetic mice toward that of the normal control group ([@A30297R22]). CoQ10 has been reported to improve mitochondrial function and facilitate the synthesis of ATP ([@A30297R23]). Therefore, CoQ10 may improve energy supplementation and prevent body weight loss. We also assessed the efficiency of CoQ10 in aiding mice in the location of the hidden platform by measuring the average length of swimming time and the distance needed to arrive at the platform over the four trials of each session. The CoQ10 group had a shorter path length as a function of the sessions during the learning phase, and their performance improved during this phase. Also, it has been shown that treatment with CoQ10 for three weeks in streptozotocin infused rats significantly improved the learning and memory deficits ([@A30297R12]). This may be attributed to the ability of CoQ10 to up-regulate the mitochondrial functions for ATP synthesis. Another study suggested that CoQ10 improved spatial learning and attenuated oxidative damage when administered in relatively high doses and also delayed early senescence ([@A30297R24]). Therefore, CoQ10, through its antioxidant effects, could improve the cognitive deficit that occurs with TMT intoxication.

The results of our study showed that TMT increased the distance the animals needed to reach hidden platform. In agreement with our result, the study of Earley et al. revealed a significant impairment of escape latency in TMT treated rats ([@A30297R25]). The study of Mignini on TMT induced neurodegeneration highlights the relationship between hippocampal dopamine receptors and transporters. He suggested that TMT neurotoxicity reduced the expression of dopaminergic markers in the hippocampus and impaired performance of rats in spatial memory ([@A30297R26]). The study of Ishikawa presented the idea that TMT induced histological changes with reduction of intrahippocampal concentrations of acetylcholine and glutamate ([@A30297R27]). TMT has also been shown to induce glutamate excitotoxicity, intracellular calcium overload, and impairment of neurotransmission ([@A30297R28]). Calcium overload generates oxidative stress and causes neurodegeneration associated with necrosis ([@A30297R29]). In a study on streptozotocine-induced diabetic mice, it was shown that disturbed Ca^2+^ homeostasis adversely affected behavioral performance of animals in learning and memory ([@A30297R30]).

The results of this study also revealed the significant increase of the number of necrotic neurons in the TMT and sesame oil groups. TMT induced chromatin condensation in hippocampal granular neurons is one of the most characteristic features of apoptosis ([@A30297R31]). Geloso has reported that TMT increases the necrotic neurons in the brain of experimental animals ([@A30297R29]). The mechanism of neuronal death induced by TMT has been linked to inflammation, necrosis, and apoptosis ([@A30297R31]). The TMT produced neuronal loss in the hippocampus of rodents is accompanied by behavioral alterations. In addition, administration of TMT, in the granular cell layer of the DG with the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining procedure detects DNA fragmentation and apoptotic bodies ([@A30297R29]). In this study, we also observed that treatment with CoQ10 decreased DG necrotic neuronal cells. It is now established that CoQ10 has significant neuroprotection properties and that it may protect neurons against neuronal damage in neurodegenerative disorders ([@A30297R32]). The results of the study of Li et al. showed that water-soluble CoQ10 prevents the accumulation reactive oxygen species, improves the mitochondrial membrane potential, inhibits apoptosis induced factors, and, finally, reduces cell death ([@A30297R33]). Pretreatment with CoQ10 (300 mg/kg for 5 days) in a model of spinal cord contusion improved neurological functions and retention of normal motor neurons ([@A30297R34]). CoQ10 also dose-dependently preserved the hippocampal catalase, glutathione peroxidase, and hippocampal malondialdehyde, which indicated the potential of the protective effects of CoQ10 against hippocampal lipid peroxidation and DNA damage ([@A30297R35]). There is also evidence that CoQ10 protected neural stem cells against hypoxia-reperfusion by inhibiting free radical formation. Treatment with CoQ10 increased the viability of primary cultured cortical neurons exposed to amyloid beta by inhibition of a specific inhibitor of the PI3K pathway ([@A30297R36]).

In conclusion, our study demonstrated that treatment with CoQ10 reduces hippocampal injuries and improves cognitive deficits. We suggest that CoQ10 might be a supplementary therapeutic strategy for neurotoxicity agents, although more research is necessary to take into account all the potential therapeutic effects of CoQ10.
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